Pavement management relies heavily on the ability to model and predict pavement condition accurately. The current deterministic deterioration models for use in the mathematical curve-fitting technique are evaluated, and a new universal deterioration model that can be used to improve some obstacles associated with the current models is introduced. The new procedure is applied to a family data file of various pavement sections possessing the same grouping variables. Then the prediction for each section within the family data file is performed by using its position relative to the family prediction curve. Information regarding the condition of the overlaid pavement in the future is needed for performing life-cycle analysis and developing optimal maintenance and rehabilitation strategies. Thus, deterioration curves for overlaid pavements are also needed. However, in some cases the existing data are not sufficient to construct these deterioration curves as a function of both the original pavement structure and the overlay characteristics. Thus, in these cases the deterioration curves are extrapolated from a new model recently obtained in Illinois. In that model the performance function is tied to major engineering parameters such as structural number, traffic load, age, and climatic conditions. The prediction methodology presented is being examined by Israeli pavement management system developers, and their preliminary results are very encouraging.
The prediction of pavement deterioration models forms a most significant component of a pavement management system (PMS). These models are absolutely essential to the management of pavements at the network and project levels, both technically and economically (1) .
Many factors affect pavement performance. These include truck traffic, environment, climate, pavement structure, pavement surface type, subgrade type, maintenance and rehabilitation (M&R) treatment, maintenance level, and so forth. However, the difficulties of quantifying these factors, together with the uncertainties of, for example, pavement behavior under changeable traffic loads and environments, make pavement performance modeling a technically complex phase in the pavement management system (2) .
Thus, methods for predicting pavement deterioration should not be selected arbitrarily; they are too important. Mistakes or random methodology selection for deterioration prediction can be costly to the highway system. Figure 1 shows how improper selection of a deterioration model may lead to an erroneous extrapolation of performance (3) . Besides raising cost allocation questions, poorly designed models make the optimal pavement design, the selection of optimal rehabilitation strategies, and the timing of projects impossible. Accurate deterioration models will secure for their users economy, technical efficiency, and equity (4) .
The current prediction methodology discussed in this paper leaves a definite need for some modifications to pavement condition modeling techniques to obtain more reliable results. Also, information regarding the condition of the overlaid pavement in future cycles is essential for (a) performing life-cycle cost analysis at both the network and the project levels and (b) for developing optimal M&R strategies at the network level. Thus, the following sections of this paper present a new methodology involving a universal prediction model for both the unlaid pavement cycle and the overlaid pavement cycle. However, in some cases the existing data are not sufficient to construct deterioration curves as a function of both the original pavement structure and the overlay characteristics. For these cases the deterioration curves are suggested to be estimated for their overlaid phase by using relevant models derived by others.
SOME CURRENT DETERIORATION CURVES
Many deterioration curves have been introduced over the years. However, as already mentioned, not all of them are capable of predicting with acceptable accuracy future performance trends. In other words, some methods for predicting overall pavement index (OPI) values cannot be accurately used to make engineering decisions regarding the type and time of rehabilitation. However, some others can, provided that the deterioration models are properly dealt with to gain the maximum accurate values of OPI.
A proper deterioration curve should recognize changes in a pavement's rate of deterioration during its service life. In addition, it should recognize that the deterioration process proceeds in accordance with certain boundary conditions at the beginning and end of its life. This recognition led many agencies to eliminate the use of the traditional straight-line model and to introduce nonlinear curves instead. However, these nonlinear curves are sometimes characterized by contrary trends. For example, the S-shaped (sigmoidal) curve labeled A in Figure 2 assumes that early in its life the pavement is stable and of a very high quality. However, it begins to deteriorate with time, reaching a point at which this deterioration increases significantly over a short time span. As it approaches the end of its useful life, the deterioration rate begins to stabilize, but the pavement is considered to be in poor condition. Nevertheless, it supports some minor level of traffic (5) .
Contrary to this behavior, another S-shaped (sigmoidal) curve, labeled B in Figure 2 , illustrates unstable conditions in the pavement's early life. Nevertheless, with time the pavement reaches a point at which the deterioration decreases significantly over a short time span (6) . These early unstable conditions are attributed to the breaking in of the pavement structure to the traffic and environ-
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Transportation Research Institute, Technion, Haifa 32000, Israel. mental loads. Had those pavements been built to stringent performance standards, the deterioration curves could assume the sigmoidal shape labeled A in Figure 2 or the traditional convex-up shape labeled C in Figure 2 (7) . Figure 2 also presents other possible curves. One of them is characterized by the convex-up shape that subscribes to the increasing rate of deterioration during the early life of a pavement to the end of its life (labeled C in Figure 2 ). Another one is characterized by the convex-down shape that subscribes to a decreasing rate of deterioration for the full life span, as earlier (labeled D in Figure 2 ). For many years these types of curves have been used by many agencies (2, 8, 9) .
Each of the curves presented in Figure 2 will yield different times for overlay or rehabilitation for any pregiven trigger OPI. Therefore, predefining a deterioration function to be used in the regression analysis should be carefully executed, allowing all of the possibilities mentioned earlier to emerge from any given datum points. With this kind of thinking, several agencies have recently introduced the polynomial constrained least-squares technique (2, 4, 10) , using in most cases a constrained fourth-degree curve. An example of such a curve is given in Figure 1 . However, Figure 1 (11) . Analysis of its initial curves showed the developers a distinct flat spot in the deterioration curves, usually occurring between condition ratings of 7.5 and 6.0 (on a scale of 9.0 to 1.0 point), the time when IDOT typically schedules a pavement section for rehabilitation. Thus, it was obvious that only the flat spot had a significant impact on programming, resulting in (a) the exclusion of the polynomial constrained leastsquares technique from further consideration and (b) the need to develop a new approach for deterioration models. These findings led Israeli PMS developers to seek another technique that comprises all of the benefits of being a universal function. This will include all of the possible changes in the deterioration rate with time, as shown by the four curves in Figure 2 or by the constrained fourth-degree polynomial curve in Figure 1 . However, it will also include a pronounced non-zero rate for the OPI range of 60 to 40 to make the maintenance timing as insensitive as possible to the regression technique. This new suggested model is described in the following section.
NEW UNIVERSAL DETERIORATION MODEL
The new universal deterioration model now proposed for the Israeli PMS has the following expression:
where OPI ϭ pavement overall condition index (a predefined combination of distress and ride ratings, in which the distress rating has a more significant effect on the final score),
FIGURE 1 Pavement condition extrapolation using (a) the new Markov model and (b) constrained least-squares polynomial (3).
FIGURE 2 Various types of deterioration curves.
A ϭ pavement age (in years), and a (Ն0), (Ͼ0), and A 0 (Ͼ0) ϭ functions (unknown parameters) evaluated from any observed data (A i , OPI i ) by the following constrained least-squares techniques, that is
Thus, which means that for positive (Ͼ0),
where OPI(A i ) is the predicted OPI by using Equation 1 for the A i datum points. Solving Equation 2d leads to a maximum constrained value of 3.0 for a, however, only when the realistic range of A/A 0 (which lies between 0 and 1.0) is taken into account. For a value of 1.0, A is equal to A 0 , where A 0 is the pavement life span, starting with an OPI of 100 and reaching an OPI of 0. Several theoretical deterioration curves complying with Equation 1 are illustrated in Figure 3 . This supports the fact that the nature of the drawn curves is universal and in accordance with those in Figure 1 and Figure 2 .
An example for an output of the regression technique (Equations 1 and 2) is given in Figure 4 . In Figure 4 five regression curves are drawn for the following values of a: 0, 0.5, 1.0, 2.0, and 2.5. For the specified field data in Figure 4 , the derived timing range for an OPI of 50 is almost zero and that for an OPI of 40 is about 4 years. Even a larger range may be derived for an OPI of less than 20, but this phenomenon is of no concern because an OPI of 20 or even 25 can be regarded as the point of total pavement failure, thus totally eliminating the use of a trigger OPI of less than 25.
This example indicates that because of the considerable derived timing range at an OPI of 40, a definite answer should be given for the adaptation of the one proper curve of the five curves given. In this case the maximum R-SQUARE (coefficient of determination) or the minimum root mean square of error (RMSE) criterion should be used. This is dealt with in the following section.
R-SQUARE OR RMSE CRITERION
Examples of the R-SQUARE or RMSE criterion are provided in this section. One example is provided in Figure 4 . R-SQUARE and RMSE values for the five curves in Figure 4 are given in Table 1 . These values indicate that the curves in which a is equal to 0, 0.5, and 1.0 are practically the same in terms of R-SQUARE or RMSE values. This conclusion complies with those that can be drawn from the graphical presentation (Figure 4) . However, for a values of 2.0 and 2.5, the curves differ in terms of R-SQUARE, RMSE, and shape, as indicated by the graphical presentation. Because the first three curves possess higher R-SQUARE values (or lower RMSE values), they are preferable over the other two curves. This conclusion also complies with the actual field data, as would have been observed and interpreted by an experienced expert. The field data in Figure 4 may also yield the straight-line extrapolation provided in Figure 5 . However, it is again found that when sufficient data are available, the shape of the deterioration curve is generally curvilinear rather than the straight line that results from the straight-line extrapolation technique. This technique does not attempt to explain the variability among the datum points but merely fits a best line to the data and thus should not be used.
The B-spline approximation for the same data in Figure 4 results in a higher R-SQUARE value than those associated with the model in Equation 1 (Table 1 and Figure 5 ). It is worth mentioning that the B-spline approximation of degree k is a continuous function, with its first (k Ϫ 1) derivatives being continuous (12) . In approximating the OPI-age for several families, it may be found that the B-splines with degrees as low as 3 are sufficiently smooth for use (10) . However, as the nature of this curve is sometimes unrealistic for pavements in the real world (no positive rate of deterioration with time can be accept-
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TRANSPORTATION RESEARCH RECORD 1524 able for them), this type of approximation should be entirely rejected. Thus, the final criterion of the maximum value of R-SQUARE or the minimum value of RMSE should always be associated with the bestfit analysis of models, chosen with special consideration of their suitability or the intrinsic relevance of the selected variables. For this same reason, use of the fourth-degree polynomial curves, although they are now combined with the polynomial constrained least-squares technique, is no longer recommended by several agencies, even when in some cases it may lead to the highest values of R-SQUARE. Figure 6 provides the regression results obtained for two sets of Israeli datum points obtained by using two models for best fit. The first model consisted of Equation 1, in which a was equal to 1 (the partial universal model), that is, and the other model was essentially as for Equation 3a, but on a logarithmic scale, that is, Examining the data in Figure 6 with experienced expertise reveals that for the data labeled A, the model of Equation 3a fits better than the model of Equation 3b, whereas for the data labeled B the opposite is true. These conclusions comply perfectly with the maximum R-SQUARE criterion. For the A data and the regular model, R-SQUARE is equal to 0.58, and for the same data and the logarithmic model, R-SQUARE is equal to 0.50. Conversely, for the B data and the regular model, R-SQUARE is equal to 0.44, and for the identical data and the logarithmic model, R-SQUARE is equal to 0.52. This example serves as another convincing illustration of the adequacy of the maximum R-SQUARE criterion, together with the suggested model in Equation 1 .
In summary the examples also illustrate the significant benefits inherited in the proposed universal model. They indicate the capability of this model to automatically choose between various deterioration models. For the case in Figure 4 , the use of some other wellknown models was declined, such as the Washington State model, for which a is equal to 1.0 (9), the old straight-line model, for which a and are equal to 1.0, and finally, one of the current sigmoidal models, in which a is equal to 0 (13). For other possible examples, the result may be different, but it will still come from the suggested universal method. In addition, use of fourth-degree polynomial 
curves (although they are now combined with the polynomial constrained least-squares technique) is not shown in these examples.
There is no use to compare the R-SQUARE or RMSE values because this technique is not recommended for the reasons given earlier. Similarly, use of the B-spline approximation technique is not recommended, even when in some cases it may lead to the highest values of R-SQUARE, as was actually practiced in the earlier example.
SUGGESTED TECHNIQUE
To develop pavement deterioration curves for a PMS, the wellknown family grouping method for categorizing pavements is suggested. By this method the data base is divided into groups with similar levels of performance. These groups are expected to have similar deterioration mechanisms and performance relationships. A given pavement group (pavement family) is defined by having the same general surface and pavement type, initial structure strength, functional category, annual average daily traffic (AADT) intensity, climatic conditions, and subgrade characteristics. This approach assumes that pavements in the same group will perform similarly throughout their lives. For each group of highway sections (pavement family), the minimum SE, defined by Equation 2a, is sought for the following 168 combinations of a and A 0 : Note that the upper limit for a is 2.5 (and not 3.0). This limitation ensures a significant slope for the curve for the middle range of the OPI. For each one of the 168 combinations of a and A 0 , is solved by the following equation:
which means that
The solution to Equation 4b is performed by the trial-and-error technique. It is then possible to calculate SE for each combination of a and A 0 . The final result is defined by the combination of a, A 0 , and its relevant value of of the 168 possibilities, which leads to a minimum SE. In any case it is suggested that the final result will be adapted only if R-SQUARE is greater than 0.5. In addition, it is recommended that the data (for any type of model) will consist of a minimum of about 40 points uniformly distributed over the OPI range. In other words it is preferable that a minimum of 10 datum points be within each of the following four OPI ranges: 100 to 75, 75 to 50, 50 to 25, and 25 to 0. This might be obligatory when the datum points are scattered in such a way that makes the performance behavior ambiguous. However, it should also be emphasized that in some other cases with less scattered points, these recommendations are of much less significance.
In practical terms the full regression procedure is to be followed. This statement is applicable for all possible cases, even those whose datum points do not meet the criteria mentioned earlier. Then, the output is checked by experts, who also assign default values for the parameters of the deterioration curves. A comparison of various extrapolation curves from limited data is illustrated in Figure 7 (see also Figure 1 ). It leads to the conclusion that in the case of insufficient data, the maximum R-SQUARE criterion is not always decisive and that for this case the existence of more distributed datum points is essential. However, for the case described in Figure 4 , the lack of the full range of datum points seems to be less crucial.
PERSONAL CURVES FOR PAVEMENT SECTIONS
The method used to predict the condition of a section is essentially the same as that proposed by other investigators (2, 6, 10) . At the project level conditions are used to develop maintenance and repair alternatives. The "personal" OPI prediction for the pavement section makes use of the prediction for the pavement family. The prediction function for a pavement family represents the average behavior of all sections of that family. Because climate, traffic, pavement type, and pavement use are the same for all sections in a pavement family, use of the family curve should provide a reasonable estimate of section behavior.
The prediction for each section is done by using its position relative to the family prediction curve. It is assumed that the deterioration of all pavements in a family is similar and is a function of their present condition only, regardless of age. A curve is drawn through the OPI age point for the pavement section being investigated, proportional to the family prediction curve. Mathematically, this is done by finding the new A 0 value from the following expression: where In Equation 5b OPI i and A i are the datum points for the given section and A 0s is the life span of the section. The other two parameters, that is, a and , have the same values as those for the family curve. To calculate the value for A 0s Equation 5b is generally solved by the trial-and-error technique. The OPI value can then be determined at any desired future age.
OVERLAID PAVEMENTS
Life-cycle cost analysis necessitates the prediction of the deterioration curve for the overlaid pavement cycle from (a) the deterioration curve for the initial pavement cycle and (b) the overlay type and thickness. When the existing data are not sufficient to construct these deterioration curves as a function of both the original pavement structure and the overlay characteristics, it is suggested that they be estimated by using relevant models derived by others.
In this paper the estimation of the deterioration curves for the overlaid cycles is based on the new findings recently obtained in Illinois (14) . They include a present serviceability index (PSI) model that was a function of the following: the AASHTO structural number (SN; in inches), the pavement age since its construction or its last major overlay (A; in years), the cumulative 18-kip (1 kip ϭ 0.338A t ) the deterioration curve for the overlaid pavement is identical to that of the original pavement. When F differs from 1.0, the new deterioration curve also differs from the original one. To ascertain the new deterioration curve it is suggested that the procedure described in the following section be followed.
DETAILED PROCEDURE FOR OVERLAID PAVEMENTS
Equation 8a
shows that for an OPI of 0 (in the overlaid cycle) and an F of less than 1.0, the derived values for A/A 0 are greater than 1.0. In other words in those cases A/A 0 values lie in a range where it is possible that the derivative d(OPI)/dA will sometimes have a positive sign. This means that in this unrealistic range, OPI may increase with age.
To ensure that the increase in OPI will never occur, it is suggested that Equation 8a be rewritten as follows:
where a and are the same two parameters, with values identical to those of the original deterioration curve (before the overlaid cycle), and A 0r (Figure 8 ) is the new parameter (it differs from A 0s ) associated with the deterioration curve of the overlaid pavement. It denotes the life span of the overlaid pavement.
To solve the value for A 0r it is logical to equate Equation 9 with Equation 8a for the point at which OPI is equal to OPI t . This leads to 
Thus,
In these equations A OPI t r is the time needed for the overlaid pavement to deteriorate from an OPI of 100 to an OPI of OPI t , and A 0s is the life span of the original pavement section. Again, the solutions for A 50r and A 0r are performed by the trial-and-error technique.
The same procedure should be practiced for the other successive overlaid cycles. For each time the last SN f value is substituted for SN 0 , the last A 0r value is substituted for A 0s , and the last service life period is always represented by the A t value.
SUMMARY AND CONCLUSIONS
The ability to model and predict pavement conditions accurately is critical to the success of any pavement management system. This paper evaluated the current deterministic models used in the available mathematical curve-fitting techniques and introduced a new universal model that can be used to correct some drawbacks associated with those current models.
This new universal deterioration model encompasses all of the possible modes of deterioration rate with age, including (a) the sigmoidal mode with a slow rate in the early life of the pavement, (b) the sigmoidal mode with a rapid rate in the early life of the pavement, (c) the regular convex-up mode, and (d) the regular convex-down mode. Moreover, this suggested universal deterioration model can be reduced to some other well-known models, such as the following: (a) the Washington State model for which a is equal to 1.0 (9), (b) the old straight-line model for which both a and are equal to 1.0, and (c) one of the current sigmoidal models, for which a is equal to 0.
The new model suggested here conforms with the real world of pavements. It leads to a nonpositive rate of deterioration with time for the entire life of the pavement and to a nonzero rate of deterioration with time for the middle range of its life. Thus, the decisive criterion of the maximum value of R-SQUARE or the minimum value of RMSE can be applied to this model. To the contrary, use of constrained fourth-degree polynomial curves and, similarly, use of the B-spline approximation are not recommended. This statement is applicable even when in some cases these latter methods may lead to the highest values of R-SQUARE, as the B-spline approximation did in the example given in this paper.
Again, the new procedure suggested here is applied to family data files, assuming that groups of pavements with the same variables will perform similarly throughout their lifetimes. Then the prediction of the personal deterioration curve for each section from the family data file is done by using its position relative to the relevant family prediction curve. 184 
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For life-cycle cost analysis the deterioration curve for the overlaid pavement should be related both to the deterioration curve of its original pavement and to the characteristics of its overlay design. For cases in which sufficient data are not available, the prediction of this deterioration curve is suggested to be done by using the new Illinois performance model. This model ties general deterioration curves to major engineering parameters such as structural number, traffic load, age, and climatic conditions.
The prediction methodology reviewed in this paper is being examined by Israeli PMS developers, and the preliminary results regarding its effectiveness are encouraging. 
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